This paper provides a framework for modular product planning in construction. It integrates tools to support quality and flexibility in design. A case study was carried out on a chilled water modular plantroom. The Quality Functional Deployment (QFD) tool was effective at capturing and analysing the requirements from multiple disciplines. Modularisation was supported by the Dependency Structure Matrix (DSM), Modular Identification Matrix (MIM) and Generational Variance Indexes (GVI). The framework's novelty lies in tools integration to achieve mass-customisation for construction.
Introduction
The construction industry makes up 6.5% of the UK economy (KPMG, 2016) . In the last 20 years, the sector has "shown no productivity growth" (KPMG, 2016) . Recently, the growing demand for sustainable high-value building products together with the needs for cost competitiveness and fast delivery are driving further industrialisation of the sector. Housing and labour shortage, increasing social expectations and strict government sustainability targets are also contributing to this development (Gann, 1996; Höök, 2006; Lawson et al., 2012; Marchesi et al., 2013) . Offsite construction is a large contributor to the growth of the sector. Although offsite construction has already spread throughout the industry, its influence has been limited. The small to medium size prefabricated components currently used in construction have, in fact, little total value compared to the size of the whole industry. The UK Commission for Employment and Skills, for example, estimated that in 2013 the total market value for offsite construction was just £6 billion (i.e. 7% of the total construction industry) (KPMG, 2016) . Despite the current situation, there is great potential for off-site construction to gain more importance as "70% of all construction projects can be conducted using offsite construction components" (KPMG, 2016) . Firms investing in off-site construction systems are targeting not just mass production but also masscustomisation. They want to develop building systems that can be made more adaptable to changing situations thereby reducing engineering risks, while addressing the needs of target customers and providing product variation. To achieve this, such firms have to invest more in product planning in the early phases of the construction process. In particular, they need to increase the quality and efficiency of the processes and the flexibility of the products. However, at present their approach to planning relies on the use of internal knowledge and expertise, rather than on consolidated and systematic methods, e.g. methods for requirement management and modularisation. While the benefits of planning methods are well accepted in other industries, their utilisation in the construction sector has been very limited. One reason is that each construction project is unique (Gilbert III et al., 2013 ) and the sector tends to tackle engineering work focusing on solution development rather than problem understanding. Another reason is that previous research on requirements management and modularisation in construction has not been tested on advanced and industry-relevant case studies. Further, previous research work has not looked at offsite construction. The shift from building on site to off-site manufacturing operations provides a more favourable environment for the adoption of product planning methods (Jensen et al., 2014) in the early stages of the construction process (Veenstra et al., 2006; Marchesi et al., 2014) . This research aims at developing a framework for efficient, quality and flexible design of building systems delivered using off-site construction methods. The framework covers two interrelated elements: requirements management and modularisation. The novelty of the framework lies in the integration of tools to achieve efficiency and flexibility.
Product planning frameworks
There are many frameworks outside of construction that have been developed to support product planning. A subset of these is centred on modular product planning using techniques for requirement management, product architecture definition and modularisation, see Table 1 . These frameworks often involve the application of QFD combined with a modularisation tool (Borjesson, 2010) (Marchesi and Ferrarato, 2015) . Very few of these frameworks and tools have made their way into the construction industry, and this is often attributed to the limited readiness of the industry to adopting systematic tools. Only recently manufacturing capabilities have been changed to become more favourable to mass-customisation. Within the research undertaken in the construction sector, mass-customisation has been considered as a strategy for dealing with building modules development (Veenstra et al., 2006; Gilbert III et al., 2013; Jensen et al., 2014) . This research has focused on data oriented modularisation methods. Specifically, it has looked at methods integrating modularisation with requirements management through Quality Function Deployment (QFD). Building on the work of Simpson et al. (2012) and Martin and Ishii (2002) , Veenstra et al. proposed a modularisation method for a house building, which focuses on the development of product platforms using GVI. Customer requirements are captured in the rows of a QFD matrix and product modules in their columns (Veenstra et al., 2006) . The work uses GVI together with CI to identify residential house features that could be turned into modules or platforms. The research emphasises that GVI and CI together allow developing a deeper understanding of external design forces. Modules and platforms are determined following the decision rules set by Martin and Ishii (2002) . In particular, features with no or low GVI are turned into fully or partially standardised platforms, and features with no or low coupling indexes-supply (CI-S) are considered for full or partial modularisation. The method approaches platform design and modularisation by tackling product uncertainty and risks. Gilbert applied QFD to temporary housing by mapping customer requirements in the rows of a QFD matrix and non-functional requirements, constraints and functional requirements in their columns (Gilbert III et al., 2014 ). Gilbert's earlier work dealt with modularisation of temporary modular buildings (Gilbert III et al., 2013) . The work used axiomatic design and product platform design for the development of modules. The methodology suggests that modules can be identified by grouping the functional requirements and physical design parameters of a system. The methodology categorises modules into common modules and specialist modules. The essential function of buildings is captured by core modules, which basically acts as a studio module and additional required features are designated to the specialist modules.
Overall there is a shortage of studies in construction to develop and evaluate systematic methods for product planning including modularisation. Such shortage may be due to the fact that construction projects are traditionally bespoke and less perceptible to the adoption of systematic methods. The works of Veenstra et al. (2006) and Gilbert III et al. (2014) provide an insight into systematic modular and platform design in construction. Both studies show the benefits of applying systematic methods for design of modular construction products. However, the two studies have limitations in that they do not consider the full complexity of the requirements management and modularisation problem. In addition they look at modularisation but they are limited in the consideration of the wider industrial context. Further research and development of modularisation tools, based on a systematic approach and specifically for the construction industry, is needed.
Methodology
This research has proposed a framework for efficient, quality and flexible design of building systems. The framework was developed by undertaking empirical research to understand the practices of the collaborating company and conducting a case study. The methodology to develop the framework involved three research phases as described below.
Understanding the current approach to designing modular systems
At the start of the research design documents were examined and meetings were held with expert engineers at the collaborating company to determine the current approach to designing modular systems. In addition, the first author was involved in an internal initiative to explore the opportunity to introduce a product configurator as this is a key tool for the management of modular products. A model showing how a product configurator would be used to manage modular products under the business and operational requirements of the collaborating company was also developed. The data upon which the model is based was collected through three meetings with the collaborating company's plant-room design leader. This model was further enhanced and validated with a week secondment at the company during which the researcher was given a demonstration of the product configurator by three systems engineering consultants and two engineers from the collaborating company.
Framework development
Based on the understanding emerging from the previous phase, the requirements of a product planning framework were identified and a framework including tools for requirement management and modularisation was proposed.
Framework evaluation
The framework was subsequently evaluated using: 1) a live case study of a chilled water modular plantroom product (see Figure 1) ; 2) a workshop; and 3) interviews. The case study was used to produce models of the plant-room requirements and modularise its design, while the workshop and the interviews to gather feedback. At the time in which the research was conducted a design of the plant-room already existed in the collaborating company. The QFD tool was applied using a reverse engineering approach to identify the plant-room requirements.
Requirements information was extracted from technical documents, modelled in QFD and subsequently validated during the workshop. The details of this methodology can be found in Wee et al. (2017a) . The plant-room was modularised with the use of multiple tools (i.e. MIM, GVI, and DSM). Modularisation information was extracted from engineering documents (e.g. product schematics and manuals), as well as interviews with engineers who developed the plant-room. The methodology for the modularisation work is explained in details in Wee et al. (2017b) . 
Current approach to designing and framework requirements
A number of key observations and findings emerged from the analysis of design practices of the collaborating company. They include the following:  A shift is occurring in its practices from design for on-site to design for off-site construction.  Requirements are typically captured in project briefs. Instances of more formal and systematic capture and analysis of requirements exist but these are infrequent.  The approach to modular design is highly iterative and expertise dependent. Modularisation tools to systematically control product variation are not used.  A product configurator is increasingly seen as useful support to manage designs. However, the product configurator, commonly adopted in industries such as the automotive (Gann, 1996) , is still new to the construction industry. The basic functioning of a product configurator, where clients or engineers input product requirements and preferences to drive the selection of modules from a library, is illustrated in Figure 2 .
Figure 2. Product configurator
These findings show that a gap exists between the shift towards off-site construction and the introduction of a product configurator. Specifically, there is a need to support more effective product planning to help define a library of modules. For this purpose a framework to guide engineers in requirements management and product modularisation is required. The specific requirements of the framework are shown in Table 2 . Product planning is key to achieve mass-customisation and increased industrialisation. The issues of product quality and product flexibility have to be solved simultaneously and in an integrated manner. A product planning framework needs to ensure product quality and flexibility through effective capture of requirements and definition of product variation.
Guide engineers in requirements analysis and prioritisation
The construction process involves multiple stakeholders, high levels of uncertainty and interconnected requirements for new building projects. Guiding engineers in systematic requirements management practices is crucial to ensure product quality.
Guide engineers in product modularisation
The construction process involves large product variation, which are a main source of risk for delivering product flexibility. Guiding engineers in systematic modularisation practices is crucial to ensure product flexibility.
Integrate with a product configurator
The construction process is shifting towards the automatic definition of product configurations from existing libraries of product options and the framework has to support this objective.
Support and integrate with the RIBA process
The construction process is organised and managed by the Royal Institute of British Architects (RIBA) plan of work and the framework has to fit within this context.
The framework
The framework, consisting of two parts, integrates tools to achieve quality and flexibility in design for mass-customisation (see Figure 3) . The first part of the framework looks at requirements management and prioritisation through the utilisation of the QFD tool. The second part looks at product modularisation, which involves utilisation of the DSM, MIM and GVI tools.
Figure 3. Product planning framework for modular building systems
Requirements management is important to develop quality modular products. The systematic mapping and organisation of product requirements to product systems is an important prerequisite for modularisation. QFD is employed to facilitate this mapping, which allows systematic development of new products in accordance to the requirements for new product introduction. QFD provides an environment for understanding engineering design rationale across different product representations and their interdependencies. The QFD tool supports the implementation and prioritisation of requirements and product systems. Prioritisation is an important part of the framework as it covers the organisation of product requirements to meet established objectives for mass-customisation. It is useful to understand the shortfall between the current bespoke construction business and the desired mass-customisation outcome. As a result, prioritisation helps identify where it would be best to place a company's resources for higher returns on investment. Modularisation involves identifying clusters of product components. It helps reduce design risks and increase flexibilities of a product or production system (Koh et al., 2015) . A modular problem can derive from a series of different modular drivers. It is important that the correct tools are selected to address the right modular driver. The modularisation aspect of the framework looks at utilising several tools to best address the modularisation problem. These tools include MIM, GVI and DSM. MIM tackles a variety of modular drivers, e.g. technical specification, styling, common unit, purchasing, etc. but without algorithmic foundations. GVI is used to tackle the "common unit" modular driver. DSM often tackles the "technical specifications" modular driver (Wee et al., 2017b) . When the correct tools for the problem are utilised the modularisation problem can be solved adequately. This allows for more effective modules to be developed which reduces the amount of effort needed for redesign. DSM is a method that maps systems interdependencies in matrix form. It is used in systems engineering and project management to model and analyse complex systems. The matrix maps the dependencies between complex systems and subsystems (Hölttä-Otto 2005; Borjesson, 2010; Jung, 2016) . DSM clusters product systems based on systems dependencies, and addresses the "technical specifications" modular driver with a technical solution. It also considers "maintenance" issues but not robustly. Concentration of high dependency amongst product systems signifies that the systems have higher functional reliance on each other. Therefore, it would be beneficial if they were clustered together into a module. This would allow the module to hold a section of the product's functionality and addresses "technical specification" modular driver (Wee et al., 2017b) . MIM is a QFD-like tool that is used to identify which technical solutions should be clustered into modules (Erixon, 1996; Borjesson, 2010) . It maps modular drivers against technical solutions. The matrix layout provides a visualisation of the interrelationships between modular drivers and technical solutions, which supports the implementation of modularisation rationale in accordance to the modular drivers (Erixon, 1996; Borjesson, 2010) . MIM has a more holistic approach on modularity and supports a wider scope of modular drivers associated with construction. It offers a platform for determining how the various modular drivers interact with one another. However, it lacks technical rigor and relies heavily on human rational and judgment in determining modules (Wee et al., 2017b) . GVI is a tool that has been used for development of modular product platforms. It supports the identification of product components, which are less likely to require redesign (Simpson, 2004; Jiao et al., 2007; Simpson et al., 2012) . The tool takes advantage of the occurrence of core functional requirements that reoccurs across multiple products to develop a common product platform. GVI is a metric tool that approximates the likelihood and potential rework needed for the next product evolution. It directly targets the "technology evolution" modular driver. GVI can also be used as a standardisation indicator and to address the "common unit" modular driver. The development of "common unit" relates to the collection of product systems, which are least likely to change. As such, it supports the development of a product platform.
Application of the framework

Requirements management
Product planning was supported through the QFD tool, which can capture and analyse requirements arising from multiple disciplines. The QFD tool was applied using a functional approach. Figure 4 illustrates the overall structure of the QFD framework including QFD1 and QFD2 matrices applied to the plant-room case study. In the product development process, it is important that the concerns of each stakeholder are accounted for as much as possible from the early stages of design. This includes understanding both the nonfunctional requirements (NFR) and functional requirements (FR). For example, the non-functional requirements of a plant-room can be organised in a hierarchal structure, which takes into account the concerns of stakeholders (Wee et al., 2017a) . The stakeholders were associated with their primary 'product viewpoints', which were then broken down to form individual requirements groups. The functional requirements were organised into primary and secondary functions (Wee et al., 2017a ). The QFD model developed in this research consists of 40 non-functional requirements, 29 functional requirements and 18 product systems. QFD1 and QFD2 include 337 and 79 relationships respectively. The details of the QFD model are described in Wee et al. (2017a) . Figure 5 highlights the importance of the functional requirements of the plant-room, which is dependent on the non-functional requirements and was calculated based on QFD1. The non-functional requirements elicited in this research are characteristic of advanced modular off-site construction. A subset of the non-functional requirements are in common with bespoke construction, while the remaining non-functional requirements are what is needed to shift from bespoke to mass-customisation through modular off-site construction. The difference between the non-functional requirements in bespoke and off-site construction projects influence the importance of the functional requirements. As it can be seen in Figure 5 , a shortfall exists between the functions of a bespoke and off-site construction project and there is a need to give attention to the functions related to structural components, as they are more likely to yield higher potential result in the shift to off-site construction. The shortfall is due to certain non-functional requirements (i.e. ease of manufacturing, ease of assembly, design flexibility and transportation) being mainly satisfied by structural components, and they do not normally exist in traditional bespoke construction. 
Modularisation
Mass-customisation in construction is influenced by multiple drivers. These have to be addressed simultaneously and multiple tools are needed to capture the full complexity of a modularisation problem. This research recommends the integration of complementary tools to generate more effective modular solutions. The utilisation of a data driven design process allows for a more insightful design analysis to support the definition of modular products. It allows for the identification of possible design advantages by tackling individual modular drivers. For example, the identification of dependency concentration (e.g. technical specification) allows to ease design management and the utilisation of indices to address specific design objectives. Modularisation was supported through the DSM, MIM and GVI tools (see Figure 6 ). The modularisation rationale was developed by understanding and prioritising the modular drivers and corroborated by the DSM, MIM and GVI tools. DSM, MIM and GVI were explored to support an algorithmic approach to modularisation (Wee et al., 2017b) . DSM is a dependency component based tool, which is good at capturing the "technical specification" modular driver. MIM best addresses trade-off between multiple modular drivers and interdisciplinary considerations. Finally, GVI was used for the development of product platforms. Using the DSM, MIM and GVI tools, modular tool matrices were developed as detailed in Wee et al. (2017b) . All three matrices were applied to the same plant-room product involving 16 product subsystems. DSM consists of a 16 x 16 matrix, MIM mapped 15 modular drivers against the 16 product sub-systems, and the GVI was generated from QFD2 (which maps 29 product requirements versus 18 product systems).
The DSM based solution is more closely aligned with the current modularisation objectives covered by the design engineers at the collaborating company (i.e. functional dependency between the product subsystems). MIM comes in a close second, followed by GVI. This research compared three modularisation tools applied to support the design of a plant-room. The three tools were evaluated by determining their effectiveness in addressing modular drivers. Fifteen modular drivers were identified and prioritised (see Wee et al., 2017a) . Each of the three tools addresses a different set of modular drivers and with a process that is either algorithmic or judgement based. MIM offers a more holistic approach to modularisation and supports a wider range of modular drivers. However, it lacks technical rigor in determining modules. DSM and GVI provide technical solutions but each of them focuses on specific modular drivers, namely DSM on "technical specification" and GVI on "common unit" and "technology evolution".
Figure 6. Modularisation tools explored to support modularisation rationale (Wee et al., 2017b)
Combining the results from multiple drivers provides valuable design information to support the development of a modular product. The results can then be integrated to form a singular modularisation solution that accommodates several modular drivers.
Evaluation
A workshop attended by eight engineers established that the QFD model is useful and in-line with the business vision of the collaborating company (Wee et al., 2017a) . Positive feedback on the application of QFD in advanced offsite construction was received from the participants to the workshop. There are two important findings from the evaluation. First, the implementation of a functional approach to QFD and the hierarchical organisation of its elements seem to lead to a more robust and in-depth understanding of requirements. In particular, the method of using QFD proposed in this research was found to capture engineering experience by allowing the design of next generation products to be less reliant on expert engineers. Second, the prioritisation system for functional requirements seems to be a valuable feature of the QFD model. This is because the model helps identify issues of importance in advanced offsite construction. This feature is crucial for efficient allocation of resources and investments. The evaluation of the modularisation work suggested that the MIM based design is distinctively closer to the company design compared to those produced with DSM and GVI. On the other hand, the MIM tool can help identify the best trade-off between multiple modular drivers and it takes into account interdisciplinary considerations including additional information requirements (Wee et al., 2017b) .
Discussion
A limited number of past studies has applied modular product planning frameworks to construction projects (Veenstra et al., 2006; Gilbert III et al., 2013) . However, these studies have employed methods from other research fields that were not specifically adapted for construction. The framework proposed in this paper takes a more tailored structure to address mass-customisation in construction. It provides a comprehensive and advanced tools system to analyse requirements and propose modular designs. It specifically uses a functional approach to QFD to introduce more rigour in the way requirements are organised and analysed compared to QFD applications in (Veenstra et al., 2006; Gilbert III et al., 2013) . It also suggests how to formulate modular solutions by tackling multiple drivers relevant to the specific problem at hand (e.g. technical specification and common unit). Overall, the proposed framework is expected to support a deeper understanding of product planning for mass-customisation in construction than those proposed in existing literature (Veenstra et al., 2006; Gilbert III et al., 2013 ). The QFD model increases understanding of how non-functional requirements, functional requirements and product systems can be interconnected. It shows how product requirements and product systems can be hierarchically organised. In addition, the QFD model allows for the visualisation of the impact of mass-customisation and advanced manufacturing issues such as ease of manufacturing and assembly, design flexibility, and transportation on functional requirements and product systems. Another important benefit of the model is its potential to increase efficiency in product planning through the application of the prioritisation mechanism. This can be especially useful for the construction industry to move towards mass-customisation and advanced manufacturing environment. The prioritisation feature of the QFD model was received positively, as it can support and direct design efforts in a more efficient manner. Modularisation provides design flexibility and is an effective solution to achieve mass-customisation. Design flexibility is key to adapt designs to changing situations. In this research three tools to tackle modular drivers and the process to produce a modular solution (i.e. algorithmic or judgement-based process) are applied. The research brings out the importance of addressing the modularisation problem by considering its modular drivers. This indicates that several modular drivers need to be tackled simultaneously and the solutions integrated.
Conclusions
This research describes the problem of developing product planning tools for mass-customisation in the construction industry. A product planning framework was proposed to tackle this problem. The framework achieves this through the implementation of methods for requirements management and modularisation. A plant-room case study was used to evaluate the framework by applying the tools and exposing the models to engineers in the collaborating company. The results demonstrate operation and applicability of the framework. This research highlights the potential benefits of QFD as a requirements analysis tool for advanced offsite construction. The QFD model allows for a more holistic and systematic approach to requirements analysis than current practices at the collaborating company and previous applications of the tool in construction. The research also provides insights into the modularisation rationale needed to address mass-customisation. DSM, MIM and GVI tools emerge as valuable tools, which support different modular drivers. A combination of tools is needed to address any given situation with the aim to generate algorithmic robustness and a spectrum of modular drivers.
